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Abstract 
The structure of a single antiparallel ferroelectric domain wall in LiNbO3 is quantitatively 
mapped by piezoelectric force microscopy (PFM) with calibrated probe geometry. The 
PFM measurements are performed for 49 probes with the radius varying from 10 to 300 
nm. The magnitude and variation of the experimental piezoelectric coefficient across a 
domain wall matches the profiles calculated from a comprehensive analytical theory, as 
well as 3-dimensional finite element method simulations. Quantitative agreement 
between experimental and theoretical profile widths is obtained only when a finite disk-
type tip radius that is in true contact with the sample surface is considered, which is in 
agreement with scanning electron microscopy images of the actual tips after imaging. 
The magnitude of the piezoelectric coefficient is shown to be independent of the tip 
radius, and the PFM profile width is linearly proportional to the tip radius. Finally we 
demonstrate a method to extract any intrinsic material broadening of the ferroelectric wall 
width. Surprisingly wide wall widths of 20- 200nm are observed. 
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I. INTRODUCTION: FERROELECTRIC WALL WIDTH AND COERCIVE 
FIELDS 
The extremely small width of ferroelectric domain walls, typically of the order of 
1-2 lattice units,1, 2 has attracted significant interest in these materials as potential data 
storage media. The “up” and “down” polarization states in a ferroelectric created by 
localized electric field serve as data storage bits, with > 10 Tbit/in2 storage density 
demonstrated recently.3 Domain shaping on diverse shapes and length scales is also 
critical to THz surface acoustic wave devices, nonlinear optical frequency conversion, as 
well as electro-optic steering, dynamic focusing and beam shaping devices. In these 
applications, domain wall width determines the minimum feature size and maximum 
operation frequency of the device.4 Domain wall width also directly influences the 
dynamics of wall motion5, 6 A recent intriguing hypothesis7, 8 suggests that even minute 
broadening of a domain wall dramatically lowers the coercive fields in ferroelectrics 
through lowering of the threshold field for wall motion against intrinsic lattice friction. 
Thus determining the nanoscale structure of a wall is of fundamental interest to the field 
of ferroelectrics. 
 To date, the primary means of investigating wall widths on unit cell level has 
been transmission electron microscopy (TEM).9, 10, 11, 12, 13 The original TEM studies of a 
ferroelectric 180° domain wall in a related material, lithium tantalate, concludes that wall 
width cannot be resolved down to their resolution limit of 0.28nm.10 Recently, an 
improved TEM technique has demonstrated that charged 180° walls in lead zirconate 
titanate thin films can be up to 4-5nm.14 In parallel, direct imaging of strain at these walls 
using synchrotron X-ray,15, 16 index contrast using near-field scanning optical 
microscopy17, and excitation emission spectroscopy18, 19 reveal property changes on 
length scales of 1-30µm. Thus the scale of 1nm-1µm linking atomic structure of the wall 
and macroscopic properties of the ferroelectric has been less explored.  
 In this work, we analyze the structure of a 180° domain wall on the 1-100 nm 
length scales by scanning probe microscopy with calibrated probe geometry. Previously, 
atomic force microscopy measurements of surface topography at twinned 90º walls have 
been used to derive wall widths of ~1.5 nm and determine defect effect on wall 
broadening.20, 21 However, there is no intrinsic topography associated with 180º domain 
walls, necessitating detection of primary order parameter, Ps. Piezoelectric Force 
Microscopy (PFM) detects the surface displacements, Ui, related to piezoelectric strain 
εij=dkijEk induced by applying an oscillating electric field Ek to the tip in contact with the 
sample surface.22, 23 Since piezoelectric coefficients are related to the order parameter 
components as dijk=γijklPl, where Pl=Ps is the spontaneous polarization, and γijkl is the 
electrostrictive coefficient of the material, measurement of the piezoresponse across a 
wall is expected to provide direct information on the primary order parameter, Ps across a 
wall. (The fourth-order electrostrictive tensor, γijkl is not expected to change across the 
wall, since it is a property of the prototype paraelectric phase and is symmetric with 
respect to inversion symmetry across the wall). PFM technique has been reviewed in 
many places, and has been extensively used to study ferroelectric domains.24, 25, 26, 27, 28 
However, to date there has been very little experimental and theoretical investigation of 
the resolution limits of PFM29, 30 in order to understand widely varying wall width 
studies7, 31, 32, thus the exact limits of domain wall width are still highly debated.  
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This paper presents a rigorous approach to probe the wall width on the nanoscale 
through PFM. The measurements are performed using 49 probes with calibrated probe 
geometry in the 10 nm – 300 nm range. Since the goal is to extract information regarding 
the intrinsic wall width of an antiparallel wall, the first step is to quantitatively 
understand the PFM imaging technique, and its resolution limits. By varying the effective 
radius of the probe, carefully characterizing the details of the tip shape and tip-sample 
contact region (Section II), and combining it with 3-dimensional Finite Element 
Modeling (Section III), and analytical theory (Section IV), we demonstrate that the PFM 
profiles can be quantitatively understood. We demonstrate that intrinsic or extrinsic wall 
broadening can be extracted by a careful comparison of experiments and theory (Section 
V).  
 
II. PFM EXPERIMENTS 
A. Tip Shape and Contact 
Antiparallel domain walls in congruent lithium niobate are the focus of this study.  
The point group symmetry of LiNbO3 is 3m and the polarization is along +z direction 
(+Pz) or –z direction (-Pz).  The walls are typically parallel to the crystallographic y-z 
mirror planes.  Hence the wall coordinates are defined as x perpendicular to the wall, y 
along the wall, and z- along the polarization direction.   
The origin of the contrast in vertical piezoelectric force microscopy arises from 
piezoelectric deformation due to the converse piezoelectric effect. The application of a 
localized external electric field to a piezoelectric material, results in a local strain, and 
consequently displacement of the surface. In a contact AFM mode, the tip is expected to 
follow this deformation of the surface. The vertical PFM (bending mode) detects the 
displacement of sample surface perpendicular to the sample surface. The displacement 
detection sensitivity of ~pm is enabled through the use homodyne detection using lock-in 
amplifier. For lithium niobate (point group 3m), the piezoelectric tensor for lithium 
niobate has 4 independent nonzero coefficients (d31, d33, d22, and d15).  
 Since PFM is a contact mode technique, abrasion of the tip occurs during 
imaging33, 34 which changes the tip shape and the field distribution under the tip. The 
PFM literature typically approximates the tip to be an ideal sphere or disc with a radius r. 
The contact of the tip to the sample is either considered to be an ideal point contact, or 
more commonly, a dielectric gap of the order of 0.1-1nm is assumed between the tip and 
the sample. Exact analytical expressions for the field distribution around such tip shapes 
are well-known.35, 36  However, below, we show that these assumptions of tip shape and 
tip-sample contact region are limited. 
 In order to rigorously describe the tip shape, we imaged the end of each tip using 
Field Emission Scanning Electron Microscope (FESEM), after scanning a few PFM line 
scans across a domain wall.  These tips can be divided into two sets, 1 and 2, as they are 
referred to in Figure 1.  As seen in Figure 1(a), tip set-2 looks more disk-like, in that its 
end is flat with a circular contact area of radius r.  A majority of the tips were of this type. 
It is modeled as a disk of charge of radius r on the surface of the sample. Tip set-1, seen 
in Figure 1(b) appears sphere-like, and was usually seen for very small tip radius.  The 
radius of the contact area for tip set-2 can be determined by intersecting a straight line 
(surface of the sample) with the end of the tip in the image; however, a more systematic 
method that yielded the same results was followed: drawing an imaginary circle at the 
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end of the tip, and taking the cross sectional area of radius r at a depth of h~1-2 nm (1-2 c 
lattice units) depth from the tangent to the surface of the circle. The h should however, 
not be construed as a real indentation, but is rather chosen phenomenologically as an 
engineering parameter that accounts for the SEM image diffuseness at the end of the 
imaged tip. This is used to estimate the contact area formed during the wear process.  We 
find that this uncertainty in h (1-2 nm) and hence in r does not affect our conclusions, 
which are dominated by experiments with tip set-2. In particular, for r~10 nm, the 
observed PFM domain wall resolution is ~100 nm, well beyond broadening anticipated 
from conventional indentation models (e.g. Hertzian).    
 
B. PFM profiles across a wall 
 The PFM signal is typically a complex displacement, U~ =UR+iUI=Uoeiθ. The 
phase, θ, refers to the relative phase of the tip displacement with respect to the phase of 
the alternating voltage applied to the PFM tip. The pure electromechanical signal U~  can 
be clearly distinguished in the complex plane from any background signal as described in 
literature.37 This background subtraction described in Ref. 37 is critical for quantitative 
analysis of the PFM profiles, and performing it eliminates the frequency dependence of 
the PFM signal in the frequency range of 20-100kHz used in this study. A monotonic 
frequency dispersion of the pure PFM signal still remains below the frequency of 20kHz 
presumably due to lock-in non-idealities, and hence this frequency range is excluded 
from this study. Figure 2 depicts example profiles of the UR and UI as a function of the 
wall normal coordinate x. Note that with appropriate background subtraction, the pure 
electromechanical displacement is entirely along the real part UR =Uocosθ, (Figure 2(a)) 
while UI =Uosinθ  (Figure 2(b)) is zero. Since the displacement component normal to the 
surface (Uz) was measured (vertical PFM), UR~±Uo=±Uz. This indicates that the phase θ 
is 0 or π. The amplitude |Uz| and phase, θ are shown in Figure 2(c) and Figure 2 (d), 
respectively. Such experimental wall profiles were measured for a series of tip radii, 
which will be discussed further in relation to theory and simulation in Section V.  
 
C. Tip size dependence of the PFM amplitude and width  
Experimentally, there are two important experimental parameters that were 
extracted from these profiles: amplitude, |Uz|, and width, ωPFM. The PFM amplitude was 
calibrated using a poled PZT ceramic sample uniformly electroded on both sides, whose 
piezoelectric coefficient in pm/V was independently measured using a piezometer, which 
applies a stress and measures the open loop potential generated across the material. The 
surface displacement of this PZT sample in response to an applied voltage from a PFM 
tip was then used to calibrate the PFM signal. This calibration in turn was used to 
quantify the piezoelectric coefficient of the LiNbO3 sample. The calibrated amplitude of 
the PFM response away from the wall in units of deff (pm/V) is plotted as a function of the 
experimentally determined tip radius r, in Figure 3. An important conclusion seen from 
Figure 3 is that the deff is independent of the tip radius used.  Remarkably, thus calibrated 
magnitude of the deff in pm/V as well as its invariance with respect to tip radius also 
agrees with both the analytical theory 38, 30 and numerical simulations described next in 
Sections III and IV.  
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 Figure 4 shows the width 2ωPFM of the PFM response across a single 180° 
domain wall as a function of the experimentally determined tip radius r. The ωPFM refers 
to the half width where the PFM response reaches ±0.76 of the saturation PFM value 
away from the center of the wall.  This saturation value was taken as the PFM value at 
~±1.8µm from the center of the wall. The PFM width decreases linearly with the tip 
radius, except at the smallest tip radii, where deviations from linearity are observed. The 
relationship between these deviations and the intrinsic wall width is discussed in Section 
V. Two modeling approaches were employed, namely, analytical theory and Finite 
Element Modeling (FEM) as described below. 
 
III. FINITE ELEMENT SIMULATION OF THE PFM RESPONSE 
In order to understand the PFM response quantitatively, we also perform Finite 
Element Method (FEM) modeling of the imaging process using the commercial ANSYS 
program as well as analytical theory using the decoupled approximation.27 The FEM 
approach described in ref. 27 in detail, includes a complete description of the geometry of 
the tip, the sample, and the contact region, numerical calculation of the electric field 
distribution with a constant potential applied to the tip, and using the computed potential 
distribution on the sample surface as boundary condition to calculate the piezoelectric 
deformation of the surface (Figure 5(a)). Input to the FEM includes the complete 
dielectric tensor, elastic tensor and piezoelectric tensor of the sample, thus providing a 
rigorous 3-D approach. (The d22 coefficient ignored in analytical theory was included in 
FEM, and its effect on the PFM was shown to be minimal as well and it is confirmed 
later that this is a valid assumption.). A single domain wall, parallel to one of the three 
degenerate y-z crystal physics planes was defined in the simulation by flipping the crystal 
physics axes, y and z across the wall. Figure 5(b) depicts the surface deformations 
simulated by FEM for three different locations of the tip across a single step-like 180º 
domain wall. (Three separate simulations for the three tip positions have been merged in 
this plot).  Using a series of positions of tip across the wall, continuous FEM line profiles 
of Uz were generated.(see video clip; online supplementary information) All simulations 
with FEM were performed only with step-like wall, and did not include any intrinsic 
broadening or diffuseness, since it was not numerically feasible in the software used.  
Diffuseness is included in the analytical theory, described later. 
  
We explore two different models for the tip-sample surface interaction:  (a) the sphere-
plane model, and (b) the disc-plane model, where the sphere or the disc refers the tip 
shape and the plane refers to the sample surface. In both models, there are three 
electrostatic boundary conditions to satisfy:  
1) An equipotential AFM tip surface equal the electrical potential, V, applied to the 
tip.  
2) The tangential component of electric field E is continuous across the interface 
between the dielectric medium (air) and the dielectric specimen; 
3) The normal component of electric displacement D is continuous across the 
interface between the dielectric medium and dielectric specimen. 
 
The conical part the AFM tip contribution in a spherical tip can be modeled using the line 
charge model developed by Huang et. al .39 The conical part of AFM tip contribution in a 
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disc tip was modeled using ANSYS. The conical part was simplified as a 20µm-long 
metallic coated silicon with a full cone angle of 30°.  By applying the calculated potential 
as the boundary condition for the piezoelectric coupling simulation using ANSYS, the 
deformation of the ferroelectric resulting from the AFM tip can be simulated. 
Piezoelectric response of a single domain lithium niobate in true contact with the tip was 
simulated with finer meshing of the sample surface below the tip and coarser meshing 
away from the tip. The meshing was adjusted until the results converged and became 
independent of the fineness of the meshing system. 
 
IV. ANALYTICAL THEORY OF THE PFM RESPONSE ACROSS A 
DIFFUSED DOMAIN WALL  
 
A. Resolution function approach  
Since the goal of this work is the extraction of a 180° domain wall diffuseness, we 
consider a single domain wall with the strain piezoelectric coefficient tensor terms d  
dependent only on lateral coordinates x and y perpendicular to the polarization direction. 
The system is considered uniform in the polarization direction, z.  In LiNbO
klj
3 in 
particular, the domain walls tend to be parallel to the crystallographic y-z planes, hence 
the spatial dependence needs to be considered only as a function of the wall normal 
coordinate, x.   The surface displacement vector Ui z( ) (measured PFM piezoresponse) is 
given by the convolution of piezoelectric tensor coefficients ( )xdklj  with the resolution 
function components W  as proposed in Ref. 30. Since in many cases, the 
inhomogeneous distribution of piezoelectric coefficients are similar, e.g. for ferroelectrics 
they are determined by the polarization distribution, hereafter we denote the 
inhomogeneous part of the piezoelectric coefficients as function β . In this 
approximation, the components of the surface displacement below the tip can be written 
as follows
( yxijkl , )
( )x
30 
Ui x( )= d ′ x 
−∞
∞∫ dy
−∞
∞∫ Wijkl − ′ x ,−y( )dlkjbulkβ x − ′ x ( ),   (1) 
Here  are constant piezoelectric coefficients of bulk material. The resolution 
function is introduced as: 
bulk
lkjd
( ) ( ) ( )zyxE
x
zyxG
dzcyxW l
n
im
kjmnijkl ,,
,,
,
0 ∂
−−∂= ∫∞ .   (2) 
Here  is the component of the external electric field produced by the probe,  are 
stiffness tensor components, 
lE kjmnc
nim xG ∂∂{ }zyx ,,
 is a semi-space elastic Green tensor derivatives on 
Cartesian coordinate . For most inorganic ferroelectrics, the elastic 
properties are weakly dependent on orientation and hereinafter the material can be 
approximated as elastically isotropic. Corresponding Green’s tensor or 
elastically isotropic half-plane is given by Lur’e
xn =
( zy,,  f)xGij
40 and Landau and Lifshitz41. 
 Using decoupling approximation,42, 27, and resolution function approach29 for 
transversally isotropic media,30 vertical piezoelectric response of isolated 180°-domain 
wall in the inhomogeneous electric field of the probe tip has the form: 43 
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d33
eff x( )= U3 x( )
V
= 1
2V
U3
step x − ′ x ( )∂β ′ x ( )∂ ′ x d ′ x −∞
∞∫ .   (3) 
Here V is electric bias applied to the probe tip; U3 x( ) is the surface displacement below 
the tip located at distance x from the plain domain wall located at x = a0 . The surface 
displacement  of a step-like infinitely thin domain wall is derived in Ref. [30]. 
Below we list the final close-form expression: 
U3
step x( )
U3
step x( )= V d31 x 1+ ν( ) f313x + C313zo −
x f333
x + C333zo
 
  
 
  +
x f333d33
x + C333zo
+ x f351d15
x + C351zo
 
 
  
 
 
  . (4) 
Here  in Vogt notation, ν is the Poisson ratio. Characteristic distance zbulkljkbulklkjlm ddd =≡ o 
is determined by the parameters of the tip. In the effective point charge model it is the 
charge-surface separation. If we approximate the tip by the metallic disk of radius r in 
contact with surface, then zo = 2r π . The expressions for material anisotropy constants 
fijk and Cijk are given in Appendix A. 
Using (4), we can derive a simple approximation for the effective width, ωPFM of 
infinitely thin domain wall (measured as distance between the points where the response 
is equal to  fraction of saturation polarization:  ( η−± 1 ) ( )( ) 153513333331333313 153513513333333331333333313313 )1(
)1(12
dfdfdff
dCfdCfdCfCfzoPFM ++−ν+
++−ν+
η
η−≈ω   (5) 
 It should be noted that we have neglected the contribution of  and related 
terms, since their contribution far from the wall is exactly zero in the framework of the 
decoupling approximation model.
22d
44  
 In the effective point charge approximation of the tip, electric field and dielectric 
anisotropy 1≈γ , vertical piezoresponse d  at a distance x from the exponential domain 
wall profile 
eff
33( )( ) ( )xxexp1), 00 ω−−=ωx( signβ  located at 0=x  admits closed-form 
analytical representation: 
( )
( )
( )xzxFzFxzd
xz
x
FzF
xzdd
xdddzxd eff
sign
4
3
4
3exp
8
3
4
sign
44
exp
84
3
4
1
),(
44
3
4
1,,
0
0
00
0
00
015
0
0
00
0
00
0
3331
0
15
33310033








ω+ω−



ω



ω−ω−
−







ω+ω−



ω



ω−ω


 +

 ν+−
−ωβ

 ++

 ν+−=ω
     (6) 
Here  is the wall 0ω ),( 0ωβ x  intrinsic width, function 
( ) ) ( ) ( ) ( )xxxxxF ( −−= EiexpEiexp − , where ( ) ( )∫∞− −= x ttdt exp
( )
xEi  is the tabulated 
exponential integral function. An approximation 



++−+≈ 1ln
22
22 x
x
cx
x
cx
xxF  
(constant 365.2
1
1 ≈− EulerGamma=c ) is valid with 3% accuracy for all x-range. The 
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first term in Eq.(6) is the ideal image ),( 0ωβ x  of domain wall intrinsic profile. Near and 
far from the wall plane, the following expansions are valid: 









ω>>










+
 +

 ν++
+++


 +

 ν+−
ω<
















ω−

ω++
+





ω−



ω
 +

 ν+
ω−
≈
0
0
0
31
0
015
31
0
0
0
0
015
0
0
0
0
0
3331
0
33
4
1
34
3
44
1
sign
,
4
3exp
4
31
4
4
Ei
4
exp
4
3
4
1
x
z
d
zx
zdd
x
x
zzd
zzdd
x
xd eff


+




ω


ω+

33
15
33
0
0
0
44
3
44
3
Ei
4
3
4
1
x
zd
dd
z
z
ϕD
),( zq ρϕ+
( )
( )   
 (7) 
 
B. Contribution of the conical part to the disk model for the tip 
It is known that the conical part of the probe, as well as the tip-surface contact area 
contributions to the electrostatic potential broaden and diffuse the piezoresponse profile 
of the wall. To estimate the cone effects in PFM imaging, the conical part was modeled 
by a line charge,39 and the contact area by a disk touching the sample surface, as 
proposed elsewhere. 39 
 Using electric field superposition principle, below we consider the probe 
electrostatic potential  as the sum of effective line charge potential, ϕ , point 
charge potential ϕ  and disk potential 
),( zρϕ L
q : 
),(),(),( zzz DL ρϕ+ρϕ=ρϕ ,    (8) 
Here the radius 22 yx +=
V≈)0,0(
ρ . Normalization in Eq. (7) is such that 
, the applied potential to the tip. The conical part 
potential  is modeled by the linear charge of length 
qDL ϕ+ϕ+ϕ )0,0()0,0(
Lϕ L  with a constant charge density 



θ−
θ+πε=λ
cos1
cos1ln4 0VL
qϕ
zρϕ ),(
Vrq 04πε≈
, where θ is the cone apex angle. Additional point charge 
potential  is chosen to reproduce the conductive tip surface as closely as possible by 
the isopotential surface . The contact area potential is modeled by a disk of 
radius, r (see Appendix B). Numerical calculations proved that the charge q is located at 
the end of the line at a distance of approximately the disk radius r from the surface, and 
that  for a wide range of cone angles θ. It is clear from the Figure 6 that for a 
chosen geometry, the isopotential surface 
V=
Vz =ρϕ ),(  reproduces the conductive tip shape 
in the vicinity of the surface for a wide range of cone angles θ. Next we calculate domain 
wall profiles including different parts of the probe. 
 
C. Diffused domain wall profile 
Analytical theory predictions of the vertical PFM response near the single domain 
wall in LiNbO3 are shown in Figure 7.  The influence of the tip radius itself on the wall 
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profile is shown in for a step-like wall (diffuseness ωo=0), clearly indicating the PFM 
wall width increase with radius r. The influence of domain wall diffuseness is shown in 
where the piezoelectric coefficient profile is ( )0tanh)( ω= xdxd bulklkjlkj  (i.e. the intrinsic 
profile ( 0tanh)( ω= xx )β ). This is chosen to mimic the polarization variation, P3 across a 
180°-domain wall, given by ( )033 tanh)( ω= xPxP bulk , since the piezoelectric coefficients 
and the polarization are linearly related by the electrostriction tensor. As expected, 
domain wall diffuseness broadens the PFM wall profile for a give tip radius r.  Similar 
results can be obtained for an exponential wall diffuseness profile by using Eqs. (6) and 
(7). 
The combination of both a change in tip radius, r and a change in the wall 
diffuseness ωo was previously shown in a series of theory plots in Figure 4, along with 
experimental data points.  The PFM wall width increases linearly with the tip radius r for 
a step-like wall. Domain wall diffuseness, ωo adds significant nonlinearity to these curves 
for approximately tip radii r<ωo. The general quantitative agreement between the theory 
and experiments is excellent.  It also suggests that there may be significant domain wall 
diffuseness in LiNbO3 crystals.  This issue is discussed in greater detail in Section V.  
 
IV.  COMPARISON BETWEEN EXPERIMENTS, SIMULATION, AND 
THEORY 
A. PFM amplitude and width 
Figure 3 (shown earlier) plots the maximum effective piezoelectric coefficient, 
deff=Uz/V measured and simulated away from the wall, where V is the maximum voltage 
on the sample surface.  The experiments, analytical theory and FEM simulations show 
excellent quantitative agreement with each other.  Within error bars, both experimental 
and simulated values of the maximum displacement Uz and the corresponding d33eff are 
relatively insensitive to the tip radius, and the presence of the cone. These agreements 
provide us confidence in our experimental and simulation methods.     
 Figure 8 shows a comparison of the ωPFM as a function of tip radius r for various 
tip models.  It is clear from the comparisons that spherical tips with a point contact do not 
agree quantitatively with experimental results.  The predicted PFM widths in this case are 
much smaller than those experimentally observed.   Introducing an imaginary dielectric 
layer gap (air) of 2 nm (which is large) between the spherical tip and the surface increases 
the predicted ωPFM, but still is considerably less than the experimentally measured widths. 
Only the disk-type tip model, including the conical section shows the best agreement with 
the experiments.  In the context of the presented work, these results rule out the spherical 
tip models and the possibility of dielectric gaps.  True contact with a disk type tip and no 
dielectric gap therefore reflects the true nature of the PFM imaging presented here.  
 
B. PFM wall widths versus Intrinsic wall width 
 Finally, we pose the primary question we began with:  What information can we 
extract about the intrinsic wall width of a ferroelectric using PFM?  This question is 
naturally related with the question of what the resolution of the PFM technique is. Finite 
Element Method and analytical theory show that for a point contact of the tip, and in the 
absence of the conical part of the tip, the PFM wall width tends to zero. In other words, 
infinite resolution is, in principle, possible. However, this is not practical due to the 
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presence of the cone. With the cone part of the tip, (20µm-long metallic coated silicon 
with a full cone angle of 30°), the linear extrapolation of the FEM predicted PFM width 
to zero tip contact radius is ~11±10 nm, which is statistically zero width. However, 
practical consideration of a finite tip contact radius, and abrasion of the tip while in 
contact with the sample results in experimentally measured PFM widths on the order of 
~100 nm.   
 Nonetheless, if enough statistical data points are collected as in Figure 4, one can 
begin to make some conclusions about intrinsic ferroelectric wall widths. Experimental 
results in Figure 4 show a significant scatter in PFM widths up to 100nm and more 
particularly in the small tip contact radius range. Does this reflect information regarding 
the intrinsic ferroelectric wall width at the surface?  
 To answer this, we first explore extrinsic factors such as tilted domain walls with 
respect to the surface normal. Cross-sectional polishing, etching and imaging of domain 
walls reveal that within error of measurement, the domain walls in our samples were 
typically <0.1°-0.5°, and in some extreme cases, as much as 2.6° away from the surface 
normal. FEM simulations with tilted walls were performed, with no cone, and zero 
intrinsic domain wall width.  The PFM wall width is apparently broadened by this tilt.  
For a 5° tilt, the extrapolated PFM wall width at zero tip contact radius was ~10nm.  For 
typical values of 0.1° tilt, the corresponding PFM width at zero tip contact radius was 
simulated to be <0.5nm.  Thus, one can reasonably say that domain wall tilts cannot 
account for full range of scatter of PFM widths (at zero tip contact radius) over 10nm. 
 Finally, one can incorporate an intrinsic wall diffuseness, 2ωo, in the analytical 
theory in terms of piezoelectric tensor distribution ( 0tanh)( ω= xdx bulklkjlkj )d . (This was 
not possible with the ANSYS software, hence FEM simulation was not performed). 
Figure 4 shows the theoretical PFM width predictions for different values of intrinsic 
domain wall diffuseness.  One notices that the PFM wall width versus tip contact radius 
becomes nonlinear for small tip radius, and this nonlinearity increases for larger intrinsic 
wall diffuseness. The scatter of experimental data points fall below the ωo ~100nm theory 
curve, suggesting a range of intrinsic wall diffuseness at the surface of congruent 
LiNbO3. Figure 9(a) shows that for large tip radius (r=200nm), the match between 
experiments, FEM and analytical theory is excellent, and ωo has little influence on the 
wall profile.  However, as the tip radius r approaches ωo, the simulation of a sharp (step –
like) domain wall does not faithfully match the experimental line profile. Figure 9(b) 
shows that an excellent fit is obtained only when 2ωo =60nm for that particular line 
profile.  This analysis was repeated for all the data points in Figure 4, and 2ωo is found to 
vary from 20-200nm.  
 Further confidence in this assertion arises from independent measurements of 
domain wall width in congruent LiNbO3 using scanning nonlinear dielectric microscopy 
(SNDM) technique. Cho et al. have recently demonstrated imaging of the Si(111)7x7 
surface45,46 atomic structure using similar 2nd and 3rd order capacitance terms in SNDM 
showing <0.5nm resolution of SNDM.  Surface domain wall widths of 20-150nm have 
been measured in LiNbO3 and LiTaO3 crystals by this technique.47 Images in Ref. 47 
reveal that the larger wall widths arise when large polar and dielectric defects exist 
adjacent to the wall. While SNDM has the resolution to reveal these defects, the PFM 
technique detects it as an effective broadening of the domain wall. Since PFM detects a 
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third rank polar property, and SNDM images show dielectric defects using third rank 
dielectric tensor, these wall broadenings can be concluded to be polar in nature, and 
reflecting polarization fluctuations. Similar SNDM studies in isostructural lithium 
tantalate,48 performed in cross-sectional, y-cut geometry of the crystal reveals that the 
wall width decreases from ~15nm just below the surface to ~2.5-1nm at a depth of ~50-
100nm from the z-surface of the crystal.  This shows that surfaces also broaden domain 
walls.  Thus, we conclude that dielectric/polar defects and surfaces can broaden 
antiparallel ferroelectric domain walls, and this broadening, on the scale of tens of 
nanometers is being detected in these PFM studies. 
   
V. CONCLUSIONS 
In conclusion, we have shown that piezoelectric force microscopy (PFM) can be a 
quantitative tool for probing piezoelectric materials, and particularly ferroelectric 
domains and domain walls.  A PFM tip with finite contact area and in true contact with 
the sample surface gives the best agreement between PFM experiments, analytical theory, 
and finite element modeling of the PFM response across a domain wall.  The PFM 
amplitude is independent of the tip radius. The PFM width across a sharp domain wall is 
linear with tip contact radius, and is predicted in theory to provide infinite resolution for a 
point contact. However, practically, the presence of conical part of the tip, any slight tilts 
of the wall with respect to surface normal, and importantly, the abrasion of the tip on 
contact with the sample leads to finite resolution on the order of ~10-20nm. Theory 
predicts that walls with finite intrinsic diffuseness will lead to a non-linear relationship 
between PFM width and tip contact radius, particularly for small tip radii on the scale of 
wall diffuseness. Using a combination of PFM experimental line profiles across 180° 
domain walls, analytical theory, and FEM simulations, we conclude that real domain 
walls on the z-surface of lithium niobate show broadened walls on the scale of 2ωo~ 20-
200nm, with considerable scatter from location to location. The scatter arises from the 
surface influence, as well as the presence of dielectric and polar defects adjacent to walls, 
which have been imaged by SNDM technique and reported in literature in these 
materials. 47, 48, 49 The PFM results show that these defect-domain wall interactions lead to 
an effective broadening of the walls in terms of polarization. 
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APPENDIX A 
 More rigorous consideration of disk part43 leads to the substitution 
x f3ij
x + C3ij zo
→ 2π f3ij arctan
x
C3ij zo
 
 
  
 
 
  in Eq.(4), valid for sharp domain walls.  
 Constants f  and C  depend only on the material dielectric anisotropy factor ijk ijk
1133 εε=γ  as: 
( ) ( )2
2
351 1 γ+
γ−=γf , ( ) ( )2333 1
21
γ+
γ+−=γf , ( ) γ+−=γ 1
2
313f .  (A.1a) 
( ) 


γ−γ
γ+=γ 2122313 11;3;2
3,
2
3
8
1 FC ,     (A.1b) 
( ) ( )( ) 
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
γ−γ+γ
γ+=γ 2122
2
333
11;4;
2
5,
2
3
2116
13 FC ,    (A.1c) 
( ) ( ) 


γ−γ
γ+=γ 2122
2
351
11;4;
2
3,
2
3
16
13 FC ,    (A.1d) 
Here  is the hypergeometric function. In particular case γ=1, ( srqpF ;;,12 ) ( ) 4
11313 =C , 
( )
4
11 = ( )333C , 4
31351 =C , ( ) 4
1
1351 −=f , ( ) 4
3
1333 −=f , ( ) 11313 −=f . The relevant constants 
for LiNbO3 and LiTaO3 are given in Tables 1, 2 below: 
 
Table A.1:  Relevant physical properties of LiNbO3 and LiTaO3 
 
 ε11 ε33 γ d15 
(pm/V)
d31 
(pm/V) 
d33 
(pm/V) 
LiNbO3 85 29 0.58 68 -1 6 
LiTaO3 54 44 0.90 26 -2 8 
 
 
 
 
Table A. 2:  Relevant PFM parameters in Eqs.A.1a-d for LiNbO3 and LiTaO3 
 
 f313 f333 f351 C313 C333 C351 
LiNbO3 -1.26 -0.86 -0.14 0.24 0.21 0.68 
LiTaO3 -1.05 -0.775 -0.225 0.25 0.24 0.74 
 
APPENDIX B 
We consider the probe electrostatic potential ),( zρϕ  as the sum of effective line charge 
potential, ϕ , point charge potential L qϕ  and disk potential ϕD: 
),(),(),(),( zzzz DqL ρϕ+ρϕ+ρϕ=ρϕ ,    (B.1) 
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Here 22 yx +=ρ  is the radial coordinate. Under the condition 133,11 >>ε  typically valid 
for the majority of ferroelectrics in air, the following expressions for potential structure 
are valid: 
( )
( )
( )
( )
( )
( )



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


<



ρ+−∆+−∆
ρ+−∆++−∆+
κ+
κ−+
+



ρ++∆++∆
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
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0
2222
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1
21
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. (B.3c) 
Hereinafter, 1133εε=κ  is the effective dielectric constant and 1133 εε=γ  is the 
dielectric anisotropy factor. The conical part potential (B.2a) is modeled by the linear 
charge of length L  with a constant charge density 


θ−
θ+πε=λ
cos1
cos1ln4 0VL , where θ  is 
the cone apex angle. Additional point charge potential (B.2b) is chosen to reproduce the 
conductive tip surface as closely as possible by the isopotential surface  Our 
numerical calculations show that the charge  is located at the end of the line, at that the 
distance 
Vz =)( .ρϕ ,
q
L∆  from the surface is approximately equal to the disk radius r  and 
 for a typical range of cone angles L∆Vq πε≈ 04 θ . Contact area potential (B.3c) is 
modeled by the charged disk of radius r . 
Using superposition (B.1) we calculate the conical part of the probe electric field 
lLL xE ∂ϕ∂−=  and then substitute it directly into Eq.(2). 
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Figure 1 (color online):  (a) Field emission scanning electron microscope image of a used 
PFM tip from tip set 2, with a circular disk-like end with a radius r.  (b) Field emission 
scanning electron microscope image of a used sphere-like PFM tip from tip set 1.  The 
radius r of the contact circle for a weak indentation (h~1-2nm or 1 unit cell depth) is used 
to characterize the radius r of the tip as shown. (h is not to scale in the figure). 
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Figure 2 (color online): An example of complex PFM displacement, U~  as a function of 
wall normal coordinate, x across a 180° domain wall in lithium niobate. (a) Uo cosθ~Uz, 
(b) Uo sinθ, (c) zU , and (d) θ . Measurements were made with a Ti/Pt coated Si tip with 
a tip disk radius of ~50-60 nm.  An oscillating voltage of 5Vrms, at 42.35kHz was 
applied to the tip.  
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 Figure 3 (color online): The maximum amplitude, |Uz|, away from the wall as a function 
of tip radius, r is shown.  Also shown overlapped is the analytical theory and finite 
element method (FEM) predictions.  
 
 16
 Figure 4 (color online): PFM wall width as a function of tip radius for sphere-like (tip 
set-1) and disk-like (tip set-2) PFM tips.  Also shown are analytical theory predictions 
generated from Eqs.(2-5, 8) along with Appendices A and B, for different intrinsic wall 
half-widths (ωo). [Reference 47] 
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 Figure 5 (color online) (a) FEM simulated surface potential on LN surface under a 50nm 
radius disk tip in contact with sample with 5Volts applied. (b) FEM simulated 
piezoelectric displacements, Uz of a LiNbO3 z-surface. Displacements for three different 
tip locations are shown: tip located on the wall (location 2) and away from the wall on 
either side (locations 1, 3).  
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Figure 6 (Color online) Isopotential lines ϕ in the vicinity of tip contact with sample 
surface (boundary air- LiNbO3) for rL =∆ , LVq ∆πε= 04
o
 and different cone angles 
 (a),  (b),  (c), θ  (d). Labels near the curves designate 
potential ϕ values in applied voltage V units. 
o60=θ o30=θ o15=θ 5,7=
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 Figure 7 (Color online) (a). Normalized PFM response profile near a step-like 180° 
domain wall (ωo=0) in LiNbO3 for disk radius r=17, 25, 36, 50, 70, 88, 110, 150, 200 nm 
(curves 1-9, respectively), a cone length L=20 µm, θ  for the PFM tip and an 
intrinsic halfwidth ω
o15=
o=20 nm. (b) Vertical PFM response near the single domain wall in 
LiNbO3 as a function of the distance from the diffused wall with different halfwidth 
values ωo=3, 30, 60, 90 nm (curves 1, 2, 3, 4, respectively); r=30 nm, L=20 µm, . 
The intrinsic wall diffuseness, 
o15=θ( )0ωtanh)( = xdxd bulklkjlkj  is schematically shown in the 
inset.  
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 Figure 8 (Color online): A comparison of different tip models with the experimental data 
for the ωPFM across a wall as a function of tip radius, r. The experimental data are shown 
for sphere-type  (tip set-1), and disk-type (tip set-2) tips. The different theory curves are: 
1) Analytical theory of a diffuse domain wall with ωo=100nm using a disk-tip including 
cone section. 2) Analytical theory of a step domain wall with ωo=0nm using a disk-tip, 
including cone section. 3) Analytical theory of a step domain wall with ωo=0nm using a 
disk-tip, excluding the cone section. 4) FEM with ωo=0nm using a disk-tip, including the 
cone section. 5) FEM with ωo=0nm using a disk-tip, excluding the cone section. 6) FEM 
with spherical tip (excluding cone) removed at a distance of d=2nm from the surface of 
the sample. 7) FEM with spherical tip including the cone, with d=0nm. 8) FEM with 
spherical tip excluding the cone, with d=0nm. 
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 Figure 9 (color online): Experimental Piezoelectric Force Microscopy (PFM) profile, Uz 
(open circles) as a function of wall normal coordinate, x across a 180°domain wall in 
lithium niobate. Measurements were made with a Ti/Pt coated Si-tip with a disk shaped 
tip actual tip of (a) r~36 nm, and (b) r=200nm, determined after PFM scan by scanning 
electron microscopy imaging.  An oscillating voltage of 5Vrms, at 42.35kHz was applied 
to the tip.  Theoretical PFM profiles using FEM (solid squares, 2ωo =0nm) and analytical 
theory (black, 2ωo =0nm and red, 2ωo =30nm) are also shown.   
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TABLE CAPTIONS: 
 
Table A.1:  Relevant physical properties of LiNbO3 and LiTaO3 
 
Table A. 2:  Relevant PFM parameters in Eqs.A.1a-d for LiNbO3 and LiTaO3 
 24
 25
                                                
References 
 
1 J. Padilla, W. Zhong, D. Vanderbilt, First-principles investigation of 180o domain walls 
in BaTiO3. Physical Review B: Condensed Matter 53, 5969 (1996). 
2 B. Meyer, & D. Vanderbilt, Ab-initio- study of ferroelectric domain walls in PbTiO3. 
Physical Review B (Condensed Matter and Materials Physics) 65, 104111-1 (2002). 
3 Y. Cho, S. Hashimoto, N. Odagawa, K. Tanaka, & Y. Hiranaga,  Nanodomain 
manipulation for ultrahigh density ferroelectric data storage, Nanotechnology 17, 137–
41 (2006). 
4 V. Gopalan, K. Schepler, V. Dierolf, I. Biaggio,  Ferroelectric materials in Handbook of 
Photonics (eds. MC Gupta & Ballato, J.) pgs. 6-1–6-67 (CRC Press, London, 2007). 
5 J. Scott,  Nanoferroelectrics: statics and dynamics. J. Phys.: Condens. Matter 18, R361-
86 (2006). 
6 M. Dawber, K. M. Rabe, & J. F. Scott, Physics of thin-film ferroelectric oxides. 
Reviews of Modern Physics 77, 1083-1130 (2005). 
7 S. Kim, V. Gopalan, A.  Gruverman, Coercive fields in ferroelectrics: A case study in 
lithium niobate and lithium tantalate. Applied Physics Letters 80, 2740-2 (2002). 
8 A. K. Bandyopadhyay, P. C. Ray, Perturbation analysis and memory in ferroelectric 
materials. Journal of Applied Physics 95, 226-230 (2004). 
9 M. Foeth, P. Stadelmann, & P.-A. Buffat, Quantitative determination of the thickness of 
ferroelectric domain walls using weak beam transmission electron microscopy. 
Ultramicroscopy 75, 203-13 (1999). 
10 L. A. Bursill, & P. J. Lin, Electron microscopic studies of ferroelectric crystals. 
Ferroelectrics 70, 191-203 (1986). 
11 M. J. Hytch, E. Snoeck, & R. Kilaas, Quantitative measurement of displacement and 
strain fields from HREM micrographs. Ultramicroscopy 74, 131-146 (1998). 
12 S. Stemmer, S. K. Streiffer, F. Ernst, & M. Ruhle,  Atomistic structure of 90o domain 
walls in ferroelectric PbTiO3 thin films. Philosophical Magazine A (Physics of 
Condensed Matter, Defects and Mechanical Properties) 71, 713-24 (1995). 
13 C.-L. Jia, et al. Unit-cell scale mapping of ferroelectricity and tetragonality in epitaxial 
ultrathin ferroelectric films. Nature Materials 6, 64-69 (2007). 
14 C-L. Jia, S-B. Mi, K. Urban, I. Vrejoiu, M. Alexe, D. Hesse, Nature Materials, 7, 57-
61  (2007). 
15 T. Jach, S. Kim, V. Gopalan, S. Durbin,  & D. Bright, Long-range strains and the 
effects of applied field at 180o; ferroelectric domain walls in lithium niobate. Physical 
Review B (Condensed Matter and Materials Physics) 69, 64113-1 (2004). 
16 S. Kim, V. Gopalan, & B. Steiner, Direct x-ray synchrotron imaging of strains at 180o; 
domain walls in congruent LiNbO3 and LiTaO3 crystals. Applied Physics Letters 77, 
2051-2053 (2000). 
17 S. Kim, & V. Gopalan, Optical index profile at an antiparallel ferroelectric domain wall 
in lithium niobate. Materials Science and Engineering B: Solid-State Materials for 
Advanced Technology, Proceedings of 120, 91-94, (2005). 
18 V. Dierolf, & C. Sandmann, Confocal two photon emission microscopy: A new 
approach to waveguide imaging. Journal of Luminescence 102-103, 201-5 (2003). 
 26
                                                                                                                                                 
19 V. Dierolf, & C. Sandmann, Combined excitation emission spectroscopy of defects for 
site-selective probing of ferroelectric domain inversion in lithium niobate. J. 
Luminescence 125, 67-79 (2007). 
20 D. Shilo, G. Ravichandran, & K. Bhattacharya, Investigation of twin-wall structure at 
the nanometre scale using atomic force microscopy. Nature Materials 3, 453-457 
(2004). 
21 C. Franck, G. Ravichandran, & K. Bhattacharya, Characterization of domain walls in 
BaTiO3 using simultaneous atomic force and piezo response force microscop. Appl. 
Phys. Lett. 88, 102907-09 (2006). 
22 P. Günther, & K. Dransfeld, Local poling of ferroelectric polymers. Applied Physics 
Letters 61, 1137-39 (1992). 
23 A. Gruverman, O. Auciello, H. Tokumoto, Scanning force microscopy for the study of 
domain structure in ferroelectric thin films. J. Vac. Sci Technol. B 16, 602-05 (1996). 
24 S. V. Kalinin, R. Shao, & D. Bonnell, A. Local phenomena in oxides by advanced 
scanning probe microscopy. Journal of the American Ceramic Society 88, 1077-98 
(2005). 
25 A. Gruverman, O. Auciello, & H. Tokumoto, Scanning force microscopy: Application 
to nanoscale studies of ferroelectric domains. Integrated Ferroelectrics 19, 49-83 
(1998). 
26 A. Gruverman, & S. V. Kalinin, Piezoresponse force microscopy and recent advances 
in nanoscale studies of ferroelectrics. Journal of Materials Science 41, 107-116 
(2006). 
27 D. A. Scrymgeour, & V. Gopalan, Nanoscale piezoelectric response across a single 
antiparallel ferroelectric domain wall. Physical Review B (Condensed Matter and 
Materials Physics) 72, 024103-1 (2005). 
28 A. Agronin, et al. Nanoscale piezoelectric coefficient measurements in ionic 
conducting ferroelectrics. Journal of Applied Physics 97, 84312-16 (2005). 
29 S.V. Kalinin, S. Jesse, J. Shin, A.P. Baddorf, H.N. Lee, A. Borisevich, and S.J. 
Pennycook, Spatial resolution, information limit, and contrast transfer in 
piezoresponse force microscopy. Nanotechnology 17, 3400-11 (2006). 
30 A.N. Morozovska, E.A. Eliseev, S.L. Bravina, and S.V. Kalinin. Phys. Rev. B 75, 
174109 (2007). 
31 B. J. Rodriguez, S. Jesse, A. P. Baddorf, & S. V. Kalinin, High Resolution 
Electromechanical Imaging of Ferroelectric Materials in a Liquid Environment  by 
Piezoresponse Force Microscopy. Phys. Rev. Lett 96, 237602-1/4 (2006). 
32 L. M. Eng, et al. Ferroelectric domains and material contrast down to a 5 nm lateral 
resolution on uniaxial ferroelectric triglycine sulphate crystals. Surface and Interface 
Analysis, Proceedings of SMX-3 Conference on Development and Industrial 
Application of Scanning Probe Methods, Sep 16-Sep 19 1998, 27, 422-425, (1999). 
33 M. Kopycinska-Müller, R. H. Geiss, J. Müller and D. C. Hurley, Elastic-property 
measurements of ultrathin films using atomic force acoustic microscopy. 
Nanotechnology 16, 703-709 (2005). 
34 S. Jesse, A. P. Baddorf, & S. V. Kalinin, Dynamic behaviour in piezoresponse force 
microscopy. Nanotechnology 17, 1615-1628 (2006). 
 27
                                                                                                                                                 
35 G. van der Zwan, & R. M. Mazo, Dielectric friction and ionic hydration near 
boundaries: image charge effects. Journal of Chemical Physics 82, 3344-9 (1985). 
36 E. J. Mele, Screening of a point charge by an anisotropic medium: Anamorphoses in 
the method of images. American Journal of Physics 69 (2001). 
37 T. Jungk, A. Hoffmann, & E. Soergel, Quantitative analysis of ferroelectric domain 
imaging with piezoresponse force microscopy. Applied Physics Letters 89, 163507 
(2006). 
38 S.V. Kalinin, E. Karapetian, and M. Kachanov, Nanoelectromechanics of 
piezoresponse force microscopy. Phys. Rev. B 70, 184101 (2004). 
39 H. Huang Wen, A. M. Baro, & J. J.Saenz, Electrostatic and contact forces in force 
microscopy. J. Vac. Sci. Technol. B, Microelectron. Process. Phenom. (USA), 
Proceedings of 9, 1323-8, (1991). 
40 A.I. Lur’e, Three-dimensional problems of the theory of elasticity (Interscience 
Publishers, 1964). 
41 L.D. Landau and E.M. Lifshitz, Theory of Elasticity. Theoretical Physics, Vol. 7 
(Butterworth-Heinemann, Oxford, U.K., 1998). 
42 F. Felten, G.A. Schneider, J.M. Saldaña, and S.V. Kalinin, J. Appl. Phys. 96, 563 
(2004). 
43 A. N. Morozovska, S. V.Svechnikov, E. A. Eliseev, V. Gopalan, and S.V. Kalinin. 
Effect of the intrinsic width and extrinsic factors on the domain wall PFM profile, to 
be submitted to J. Appl. Phys. (2007). 
44 E.A. Eliseev, S.V. Kalinin, S. Jesse, S.L. Bravina, and A.N. Morozovska. J. Appl. 
Phys. 102, 014109, (2007). 
45 R. Hirose, K. Ohara, and Y. Cho, Nanotechnology 18, 084014 (2007). 
46 Y. Cho, and R. Hirose, Physical review Letters, 99, 186101 (2007). 
47 L. Tian, N. odagawa, S. Choudhury, A.Vasudevarao, P. Capek, V. Dierolf, A. N. 
Morozovska, E. A. Eliseev, L. Q. Chen, Y. Cho, S. Kalinin, and V. Gopalan, in 
review, Phys. Rev. Lett. (2008). 
48 Y. Daimon and Y. Cho, Cross-sectional observation of nanodomain dots formed in 
both congruent and stoichiometric LiTaO3 crystals. Appl. Phys. Lett. 90, 192906 
(2007). 
49 Y. Daimon and Y. Cho, Cross-Sectional Observation of Nano-Domain Dots Formed in 
Congruent Single-Crystal LiTaO3. Japanese Journal of Applied Physics. Vol. 45, No. 
49, 2006, pp. L1304–L1306. 
